INTRODUCTION
Microbiology in general and clinical microbiology in particular have witnessed important changes during the last few years (82) . An issue for microbiology laboratories compared with other clinical laboratories is the relative slowness of definitive reports. Traditional methods of bacteriology and mycology require the isolation of the organism prior to identification and other possible testing. In most cases, culture results are available in 48 to 72 h. Virus isolation in cell cultures and detection of specific antibodies have been widely used for the diagnosis of viral infections (181) . These methods are sensitive and specific, but, again, the time required for virus isolation is quite long and is governed by viral replication times. Additionally, serological assays on serum from infected patients are more useful for determining chronic than acute infections. Life-threatening infections require prompt antimicrobial therapy and therefore need rapid and accurate diagnostic tests. Procedures which do not require culture and which detect the presence of antigens or the host's specific immune response have shortened the diagnostic time. More recently, the emergence of molecular biology techniques, particularly those based on nucleic acid probes combined with amplification techniques, has provided speediness and specificity to microbiological diagnosis (139) . These techniques have led to a revolutionary change in many of the traditional routines used in clinical microbiology laboratories. Results are offered quickly, the diagnosis of emerging infections has become easier, and unculturable pathogens have been identified (109) .
On the other hand, the current organization of clinical microbiology laboratories is now subject to automation and competition, both overshadowed by increasing costs (282, 339) . Increased use of automation in clinical microbiology laboratories is best exemplified by systems used for detecting bacteremia, screening of urinary tract infections, antimicrobial susceptibility testing, and antibody detection. To obtain better sensitivity and speed, manufacturers continuously modify all these systems. Nevertheless, the equipment needed for all these approaches is different, and therefore the initial costs, both in equipment and materials, are high.
Flow cytometry (FCM) could be successfully applied to most of these situations. In bacteremia and bacteriuria, FCM would not only rapidly detect organisms responsible for the infection but would also initially identify the type of microorganism on the basis of its cytometric characteristics. Although FCM offers a broad range of potential applications for susceptibility testing, a major contribution would be in testing for slow-growing microorganisms, such as mycobacteria and fungi (108, 163, 262) . Results are obtained rapidly, frequently in less than 4 h; when appropriately combined with the classical techniques, FCM may offer susceptibility results even before the microorganism has been identified. The most outstanding contribution offered by FCM is the detection of mixed populations, which may respond to antimicrobial agents in different ways (331) . This technique could also be applied to study the immune response in patients, detect specific antibodies (27, 133) , and monitor clinical status after antimicrobial treatments (58, 244) . Moreover, when properly applied, FCM can be adjusted to use defined parameters that avoid subjectivity and aid the clinical microbiologist in the interpretation of specific results, particularly in the field of rapid diagnosis.
TECHNICAL BASIS OF FLOW CYTOMETRY
FCM is an analytical method that allows the rapid measurement of light scattered and fluorescence emission produced by suitably illuminated cells. The cells, or particles, are suspended in liquid and produce signals when they pass individually through a beam of light (Fig. 1 ). Since measurements of each particle or cell are made separately, the results represent cumulative individual cytometric characteristics. An important analytical feature of flow cytometers is their ability to measure multiple cellular parameters (analytical flow cytometers). Some flow cytometers are able to physically separate cell subsets (sorting) based on their cytometric characteristics (cell sorters) ( FIG. 2. Scheme of optic (dichroic mirrors and bandpass filters) and illumination (laser) systems of a flow cytometer with six parameters detected (size, granularity, and four fluorescences) by separate photomultiplier tubes (except size, which can be detected by photodiode or a PMT tube) and sorting capacity. From Purdue Cytometry CD-ROM vol. 1 (adapted with permission of the publisher). fluorescence emissions of each particle are collected by detectors and sent to a computer, where the distribution of the population with respect to the different parameters is represented. Scattered light collected in the same direction as the incident light is related to cell size, and scattered light collected at an angle of 90°gives an idea of the particle complexity. This parameter is related to cell surface roughness and the number of organelles present in the cell. Size and complexity are considered intrinsic parameters since they can be obtained without having to stain the sample. To obtain additional information, samples can be stained using different fluorochromes. Fluorochromes can be classified according to their mechanism of action (127) : those whose fluorescence increases with binding to specific cell compounds such as proteins (fluorescein isothiocyanate [FITC] ), nucleic acids (propidium iodide [PI] ), and lipids (Nile Red); those whose fluorescence depends on cellular physiological parameters (pH, membrane potential, etc.); and those whose fluorescence depends on enzymatic activity (fluorogenic substrates) such as esterases, peroxidases, and peptidases (Table 1) . Fluorochromes can also be conjugated to antibodies or nucleotide probes to directly detect microbial antigens or DNA and RNA sequences.
A typical flow cytometer has several parts. (i) The hydraulic system produces the fluid stream, with a liquid sheath surrounding the cell suspension (hydrodynamic focusing). This sheath is responsible for the passage of the particles through the sensing point at a constant velocity. (ii) The illumination system consists of the light that produces the scatter signals and fluorescence emission when the particles pass through it. There are two types of flow cytometers, depending on the illumination source: those with a laser light source, and those with an arc lamp source. Each has it own advantages and disadvantages, but the main difference lies in their fields of application. Arc lamp cytometers are frequently used in microbiological applications due to their better scatter resolution and versatility. In contrast, laser flow cytometers have wider applications in immunology and hematology because they excite fluorochromes associated with cells. Studies comparing the two types of cytometers have concluded that the selection of one rather than the other depends mainly on the range of wavelengths required for the excitation of the selected fluorescent stains (13, 161) . Our personal experience supports this opinion and work should aim at developing protocols according to the type of cytometer available. (iii) The optic system focuses incident light on the crossing particles, recovers the scattered light and the fluorescence produced by the fluorochromes present in the cells, and directs both to the appropriate photomultiplier tubes (Fig. 2) . (iv) The electronic system transforms the incident light from fluorescence and light scattered into electric pulses (analogic). The magnitudes of these pulses are distributed electronically into channels, permitting the display of histograms of the number of cells plotted against the channel numbers (digital) (68) . If the instrument has the capacity to do so, it also controls the cell-sorting process. Fluorescence-activated cell sorting refers to the ability to select a subpopulation from the whole population, following cytometric classification, and to physically separate this particular population. To do this, the machine produces a uniform stream of droplets; a particular droplet containing a cell can be charged, permitting selection of the droplet when it passes through an electrical field produced by deflection plates (Fig. 2) . In this way, two populations can be sorted at the same time (positively and negatively charged droplets). A new high-speed sorter machine has been developed with the possibility of sorting four populations at the same time (MoFlo; Cytomation, Freiburg, Germany). (v) The data analysis system consists of software that allows the analysis of the huge amount of information produced by multiparameter data acquisition. The analytical software permits the study and independent analysis of a particular subpopulation. Besides all the statistical information, the data can be represented in several different ways: monoparametric histograms, biparametric histograms, and threedimensional representations (Fig. 3 ). There is a growing market of commercial FCM software. Free software can also be downloaded from the Internet, where it is possible to find information about all the fields related to FCM (cytometry network sites, http://nucleus.immunol.washington.edu/ISAC /network_sites.html; JCSMR flow cytometry software, http:// jcsmr.anu.edu.au/facslab/facs.html; ISAC WWW home page, http://www10.uniovi.es/ISAC.html).
FLOW CYTOMETRY AND MICROBIOLOGY, A LONG TIME TOGETHER
From the beginning of FCM (68) , the ancestor of modern flow cytometers has been identified with an aerosol particle counter designed to analyze mine dust (124) . This apparatus was used in World War II by the U.S. Army in experiments for the detection of bacteria and spores. Gucker et al. (124) reported that the instrument could be used with biological samples (bacteria), as well as particles in air suspension or aerosols. Thus, FCM with an application to microbiology originated many years before the use of flow cytometry as a tool for studying mammalian cells. The original device incorporated a sheath of filtered air to limit the air sample stream to the central portion of the flow chamber. The detector used was a then recently developed device called a photomultiplier tube. Particle counters based on the Coulter orifice principle, in which the difference in electrical conductivity between the cells and the medium in which they are suspended is measured by the change in electrical impedance produced as they pass through an orifice, were later developed. These instruments were widely applied in hematology studies. However, the first real flow cytometer was built by Kamentsky et al. (154) , using spectophotometric techniques to detect and measure nucleic acids and light scattering of unstained cervical cells in a flow stream. At the same time, Fulwyler, working at the Los Alamos Scientific Laboratory, described the first flow cytometer with sorting capability (104) . This machine worked by measuring cell volumes obtained by the Coulter orifice principle. Fulwyler adapted the ink jet printer principle, using electrostatic deflection of charged droplets, as a cell-sorting mechanism. In fact, sorting capability was introduced to demonstrate the accuracy of the signals obtained by the machine and to ascribe a given distribution of cell volume detected by an electronic signal to a specific cell type. During the 1970s, applications of FCM to research into mammalian cells advanced rapidly, but at that time few instruments were developed for microbiological studies. The subsequent applications to microbiology of FCM techniques that were initially developed to study mammalian cells were due to optical improvements in flow cytometers and newly developed fluorochromes. The development of an arc lamp-based instrument by Steen's group in 1979 (301, 303) allowed the use of FCM for basic research on bacteria. Because of the design of the flow chamber and the use of photomultiplier tubes for detecting scattered light, this instrument was ideal for studying microorganisms (7, 37 ). The promising tool described by Boye and Steen in 1983 became a "potent illuminating light" in the 1990s (38) , as was stated in the book edited by David Lloyd, Flow Cytometry in Microbiology (186a), from which most microbiological cytometrists have learned their trade. In the last years of the 1990s, the applications of FCM in microbiology have significantly increased (9, 28, 103, 148, 291) .
General Applications of Flow Cytometry to Microbiology
The applications of FCM to microbiology have been so widespread that discussion of all of them is beyond the scope of this review. For more information, see the excellent reviews by Davey and Kell (68), Porter et al. (263) , and McSharry (211) and the "Bible" of flow cytometry by Howard Shapiro, Practical Flow Cytometry (291) . Below, we briefly describe some of the applications of FCM in the field of microbiology, focusing on present or future applications in clinical microbiology.
Earlier works by Steen had demonstrated the applicability of dual-parameter analysis to discriminate among different bacteria in the same sample (301, 302, 306) . One parameter was light scattered (size), and the other was either fluorescence emission from fluorochromes coupled to cellular components (protein and DNA) or autofluorescence (Fig. 4) , or light scattered acquired from another angle (42, 151, 277, 293, 301, 302, 306, 316) . However, the use of several fluorochromes for direct staining or through antibody or oligonucleotide conjugates plus size detection is the simplest way to visualize or identify microorganisms by FCM (6, 7, 10, 11, 257, 317, 332) .
The simple and rapid assessment of the viability of a microorganism is another important aspect of FCM. The effect of environmental stress or starvation on the membrane potential of bacteria has been studied by several groups using fluorochromes that distinguish among nonviable, viable, and dormant cells (155) (156) (157) 188 ; see references 68, 71, 78, 89, 135, 150, [200] [201] [202] [203] 265 , and 328 for reviews). Other authors have demonstrated the use of PI as a viability marker in yeasts (72) , Pneumocystis carinii (177) , and bacteria (89, 230, 264) .
FCM has also been used in metabolic studies of microorganisms. This was first accomplished by Thorell (316) , using autofluorescence due to NADPH and flavins as metabolic status markers. Other authors studied DNA, protein, peroxide production, and intracellular pH (3, 5, 39, 140, 324, 345) . Recently developed fluorochromes and kits (Sytox Green and Live/Dead kits; Molecular Probes, Eugene, Oreg.) have been used for the FCM-based counting of live and dead bacteria and yeasts (176, 178, 311) , simplifying staining protocols and making data interpretation easier. Other kits are available for detecting gram-positive and gram-negative bacteria or for studying yeast organelles (127) . Recently, Mason et al. (204) described a method which enables the discrimination of grampositive from gram-negative bacteria on the basis of the fluorescence emitted when the organisms are stained with two fluorochromes. These authors correctly predicted the Gram stain reaction of 45 strains of clinically relevant organisms, including several known to be gram variable. In addition, representative strains of gram-positive anaerobic organisms, which are normally decolorized during the traditional Gram stain procedure, were classified correctly by this method.
FCM also offers the possibility of studying gene expression using reporter genes in yeasts (56, 258, 297, 338) and bacteria (8, 55) . The development of gene expression systems based on green fluorescent proteins facilitates this kind of study due to the simplicity of the technique (60, 77, 229, 320) .
The sensitivity of FCM allowed Philips and Martin (255) to detect Bacillus spores (254) . Using a similar approach, Griffiths et al. (121) and Challier et al. (49) were able to sort spores from Dictyostelium discoideum and Enterocytozoon bieneusi, respectively. These examples show the potential of FCM in the investigation of small microbes.
The interaction between pathogens and phagocytic cells has also been studied by FCM (22, 23) . The development of fluorochromes to detect oxidative bursts due to phagocytosis (17, 251, 281) increased the number of studies with different microbes such as Borrelia burgdorferi (17) , Staphylococcus spp. (128, 196) , Escherichia coli (70, 271) , Bordetella pertussis (299) , Cryptococcus neoformans (48) , Salmonella (272) , and yeasts (90, 96, 114) .
FCM has been extensively used for studying virus-cell interactions (172, 180, 334) . This topic was reviewed in depth by McSharry in 1994 (211) . Modulation of the expression of cellular proteins due to viral infection has been studied by FCM for cytomegalovirus (CMV) (116), herpes simplex virus (HSV) (149) , adenovirus (168), human immunodeficiency virus (HIV) (53) , and hepatitis B virus (HBV) (346) . Perturbation of the cell cycle and DNA replication in virus-infected cells have also been studied by FCM for papillomavirus (25) , CMV (80) and human HIV-1 (273) . This technique has been also used to study the effect of viral infection on intracellular Ca 2ϩ levels ([Ca 2ϩ ] i ) by Irurzun et al. (145) and by Miller et al. (221) . FCM has also permitted the demonstration of apoptosis associated with viral infection, including HSV (144, 146) , Epstein-Barr virus (EBV) (4), influenza virus (267), measles virus (93), papillomavirus (340) , and HIV-1 (129, 194) infections. Furthermore, by means of biotinylated or directly FITC-labeled virus, interactions of EBV (142, 159, 182, 335) , echovirus (206) , adenovirus (217), influenza virus (228), simian virus 40 (SV40) (20) , human T-cell leukemia virus type 1 (HTLV-1) (110) , measles virus (226, 232) , bovine herpesvirus (326), papillomavirus (268) , bunyaviruses (249) , poliovirus (102) , and HIV-1 (14, 308, 318) with their putative cell receptors have been described. These investigations show that FCM is able to provide solutions to problems arising when working with microorganisms.
APPLICATIONS OF FLOW CYTOMETRY TO CLINICAL MICROBIOLOGY
The isolation of microbes and their identification, the detection of increased levels of antibodies to a particular pathogen in the course of an illness, and direct detection of microbial components (nucleic acids and proteins) in clinical samples obtained from different tissues or body fluids are the main tools for laboratory diagnoses of microbial infections. Effective antimicrobial therapies have indeed been developed because early treatment is crucial in many cases; therefore, rapid diagnosis is essential in the fight against infection.
Direct Detection
Bacteria. Antibodies are currently changing the way in which we identify microbes, making it easier and faster. Their specificity and the possibility of using fluorochrome-labeled antibodies to specific antigens render them one of the most powerful tools in the identification of pathogens. The main disadvantage of this method is still the limited availability of antibodies directed against particular microbes. Other advantages of using antibodies are that the cells do not need to be cultivable and that the method is simple and fast. In an early work from 1983, Groschel (122) explained somewhat prophetically the use of antibodies in clinical microbiology. FCM in conjunction with fluorescent antibodies has been used to detect surface antigens in Haemophilus (298) , Salmonella (57, 207) , Mycobacterium (238) , Brucella (35) , Branhamella catarrhalis (29) , Mycoplasma fermentans (50) , Pseudomonas aeruginosa (134) , Bacteroides fragilis (191, 239) and Legionella (143) , among other microorganisms. These examples illustrate the sensitivity and specificity of using antibodies that allow the detection of particular cell types (of as few as 100 cells per ml in 30 min) in heterogeneous populations (57) .
The first study detecting of microbes in blood by using FCM was done with ethidium bromide as the detecting fluorochrome (195) . Blood cells were lysed, and the remaining bacteria were stained with ethidium bromide; as few as 10 E. coli cells/ml were detected. Using ethidium bromide fluorescence and light-scattered signals, Cohen et al. detect bacteria in 43 clinical specimens from several sources, such as wound exudates, bile, serous-cavity fluids, and bronchial-lavage fluids, in less than 2 h, although they were unable to identify them.
An FCM method for the direct detection of anaerobic bacteria in human feces was described by van der Waaij et al. (322) , using PI for discriminating the patient's cells and excluding large particles by forward light scatter. At the same time, fluoresceinated antibodies against human immunoglobulin A (IgA) were added to detect IgA-coated bacteria. This method allows the rapid and highly sensitive assessment of fecal flora by specific IgA-FITC fluorescence without the need to culture the samples.
Another way in which FCM can achieve direct diagnosis is by fluorescent-oligonucleotide detection. By combining rRNAtargeted fluorescent probes and 4Ј,6-diamidino-2-phenylindole (DAPI) for nucleic acid staining, Wallner et al. (333) showed that it was possible to detect Acinetobacter spp. by FCM. To date, this approach has not been used with clinical samples, perhaps owing to its methodological complexity. Nevertheless, the specificity provided by the oligonucleotide probe to identify the putative infectious agent can be taken advantage of (315), thus promising many future applications.
The use of different-sized fluorescent microspheres coated with antibodies against microbes is a new application of flow cytometry for direct diagnosis (169) . This method detects the binding of specific microbes to antibody-coated microspheres by measuring the decrease in the fluorescence emission of the microspheres due to the shading effect of microbes on both the exciting and emitting light. With different-sized fluorescent microspheres, several pathogens can be detected simultaneously in the same sample. This approach could also be used with fungi, parasites, and viruses, as well as in infections produced by combinations of these. In fact, as discussed below, a similar approach has been used for the simultaneous detection of plant viruses (137) .
Fungi. With regard to yeasts, the work by Groshen et al. (122) , Chaffin et al. (47) , and Han et al. (126) has shown that surface antigens of Candida albicans can be detected by flow cytometry in conjunction with available specific antibodies. As discussed below, this approach can be used for clinical samples.
The possibility of serotyping Candida isolated from clinical samples emerged from the work of Chaffin et al. in 1988 (47) and Brawner and Cutler in 1989 (40) . However, it was not until 1996 that Mercure et al. (219) validated the FCM serotyping procedure, using serotype A-specific antisera. According to Mercure et al., the most striking feature of this method is its reliability. Ninety-four strains isolated from patients were analyzed by a slide immunofluorescence assay and FCM. FCM was able to detect the presence of two different strains in a culture that was assumed to be pure and serotyped four strains whose serotypes could not be determined by slide immunofluorescence. Again, it was acknowledged that when a cytometer is available, the procedure is probably more cost-effective than a commercially available kit for Candida serotype determination. Since the origin of the infecting strain(s) is often questioned when clinicians encounter patients with repeated episodes of Candida infections, FCM can help to discriminate among strains, as demonstrated in this work (219) .
The diagnosis of onychomycosis based on clinical presentation, culture, and microscopy is hampered by false-negative and false-positive results that confuse treatment outcomes. Using FCM and antibodies directed against yeasts, Pierard et al. (256) identified fungal pathogens and differentiated them from nonpathogenic ones. Furthermore, the authors demonstrated that mixed infections occur, and hence the treatment for such circumstances can be established.
Parasites. The first applications of FCM to parasites involved a study of the cell cycle and the amounts of DNA of Physarum polycephalum myxamoebae (319) and the characterization of monoclonal antibodies against membrane antigens from Leishmania (337) . Specific clinical applications came later, when Flores et al. (99) used monoclonal antibodies, FCM, and immunofluorescence microscopy for the direct identification of Naegleria fowleri and Acanthamoeba spp. in clinical specimens.
Several approaches have been developed in the last few years to detect intracellular parasites, such as Plasmodium (147, 153, 240-242, 250, 319, 325) . Such work took advantage of the absence of DNA in erythrocytes. Thus, if the parasite is inside the cell, its DNA can be stained with specific fluorochromes and detected by FCM. The multiparameter analysis permitted by FCM can be used to study other characteristics, such as parasite antigens expressed by the erythrocyte (which can be detected by antibodies conjugated with fluorochromes) (54, 153) or the viability state of the parasitised cell. Furthermore, the technique can be used with either fresh or fixed cells (241, 242) . An important study showing the benefits of flow cytometry is that of Dixon et al. (81) , who compared normal light microscopy, immunofluorescence microscopy, and FCM in the detection of Giardia lamblia cysts. They showed that when FCM is used in combination with immunofluorescence, a larger number of samples can be analyzed in a relatively short period and, more important, that this technique affords more consistent results than either conventional or immunofluorescence microscopy when samples containing small number of cysts are analyzed.
Viruses. FCM allows both detection and quantification of infected cells directly in clinical samples or after inoculation and culture of the virus in cell culture.
(i) Detection and quantification of viral antigens. FCM can detect viral antigens either on the surface of or within infected cells (172) . It can rapidly detect and quantify virus-infected cells using antibodies that specifically recognize surface or internal antigens (91, 211, 213, 334) ; in the latter case, permeabilization of the cells is required. A thorough review of different permeabilization methods, including the advantages and disadvantages of each, for viral antigen and nucleic acid detection has been written by McSharry (211) . Direct and indirect fluorescent-antibody methods are used. Direct detection involves the use of fluorescently labeled antibody (labeled with FITC or phycoerythrin). In the indirect fluorescent-antibody method, unlabeled antibody is bound to infected cells, which are then incubated with fluorescence-labeled anti-Ig that binds to the first viral antibody.
As previously stated, FCM is carried out on single cells, and therefore FCM analysis of virus-infected cells is best suited to blood, bronchoalveolar lavage fluid, and urine samples (172) . However, it is also possible to analyze cells from tissues that have previously been treated enzymatically (211) .
Based on the potential of FCM for multiparametric analysis, there are two key advantages to its use in studying viral infection: (i) its ability to analyze several parameters in singleinfected cells at the same time and (ii) its ability not only to detect but also to quantify infected cells. These parameters may be related to particular components or events of the infected cell or components (proteins or nucleic acids) of the virus. For this reason, FCM has been a powerful tool to characterize the mechanisms of viral pathogenesis. Furthermore, FCM allows simultaneous detection of several viruses in a sample by using (i) antibodies to different viral antigens con-jugated to different fluorochromes, or (ii) specific viral antibodies conjugated to latex particles of different sizes. As stated above, the presence of different viral antigens is detected by differences in the forward-scattered light as a consequence of the different sized particle used for each antibody. For example, Iannelli et al. (137) simultaneously detected cucumber mosaic, tomato, and potato viruses by using 3-, 6-, and 10-mdiameter latex particles, respectively. Although this method was aimed at the detection of plant viruses, its basis could be applied to the detection of animal or human viruses in any clinical sample, such as the simultaneous detection of CMV, HSV, and HBV in organs destined for transplantation as well as in transplanted patients and coinfections in HIV-infected individuals.
Flow cytometric analysis has allowed the detection and quantification of SV40 T antigen in infected cells and monitoring the kinetics of T-antigen expression. By means of multiparametric analysis, using PI for the measurement of cellular DNA and FITC-labeled antibody for the detection of viral antigens, Lehman et al. (171, 179) related high levels of SV40 T antigen to the appearance of cells with tetraploid DNA content due to a cell cycle block at G 2 /M.
Detection of immediate-early, early, and late CMV antigens by monoclonal antibodies permits direct diagnosis and quantification of CMV infection. This is a frequent complication in immunosuppressed patients, including transplant recipients and AIDS patients. In 1988, by means of FCM, Elmendorf et al. (91) detected early CMV antigen 30 min after virus adsorption to fibroblasts. Thus, FCM permits the detection of viral infection earlier than does conventional immunofluorescence microscopy or the detection of cytopathic effects in cell culture (91, 289, 310) .
During active infection, CMV disseminates in the blood, and viremia has been described as a major risk factor for the progression to clinical disease, particularly in allogeneic bone marrow transplant recipients (31) . Accordingly, quantification of the viral load in persistently infected hosts may provide a method to predict the development of CMV disease and help to differentiate symptomatic infection from asymptomatic shedding. Preventive strategies increasingly use the CMV load as a surrogate marker for disease and initiate antiviral treatment based on the systemic viral load (31) . Sensitive techniques, such as the pp65 antigenemia assay or the quantitative PCR assay, allow the detection and quantification of systemic CMV. Both assays provide a good estimation of the systemic CMV burden. Owing to the high sensitivity of these assays, CMV is also detectable in patients with asymptomatic infections. However, patients with disease often have a higher viral load and can therefore be discriminated (31, 314) .
The pp65 antigenemia assay determines the systemic CMV load and consists of direct staining of polymorphonuclear leukocytes with monoclonal antibodies against the lower matrix protein pp65 (31, 112, 314) . This determination has classically been made by very difficult and time-consuming microscopic observation of immunostained cells (112) . Recent studies have evaluated FCM for the direct detection and quantification of CMV antigens in polymorphonuclear leukocytes from transplant recipients (76, 132, 141) . Measurement of pp65 CMV antigenemia by FCM overcame these problems owing to its speed and automation and showed it to be a specific and reproducible method, especially when the paraformaldehydemethanol permeabilization-fixation method and antibody 1C3 (to late antigens) were used (141) . Good agreement was found between the degree of DNA load and the level of antigenemia detected by FCM in renal transplant recipients. Although the sensitivity of the method was somewhat lower than that of the slide method, it might be sufficient to predict the disease.
Honda et al. (132) also identified specific CMV-infected cell populations in peripheral blood lymphocytes from CMV-infected patients by FCM. Using monoclonal antibodies directed against immediate-early CMV antigen (see above) or against several cell membrane markers to phenotype infected peripheral blood cells from bone marrow transplant recipients, these authors developed a rapid and quantitative FCM method for the detection of immediate-early CMV antigen. The detection of CMV antigens specifically in the polymorphonuclear leukocytes from transplanted patients with CMV pneumonia suggests that the FCM antigenemia assay would be useful for predicting CMV-associated disease in transplant recipients (132) . In summary, FCM offers a rapid and suitable quantification of the CMV viral load. Although systematic comparative evaluations of the CMV viral load using this method are needed, current data are promising.
The detection of cytomegalic endothelial cells in peripheral blood of patients is another means of monitoring active CMV infection. Through enrichment of endothelial cells in the mononuclear fraction by density centrifugation, endothelial cell-specific staining, and fluorescence-activated cell sorting of these cells, a method with 10-fold greater sensitivity than cytocentrifugation of the mononuclear cell fraction alone has recently been developed for quantification of cytomegalic endothelial cells by FCM (158) . Belles-Isles et al. (24) have also suggested using FCM to monitor CMV infections by monitoring the CD8 ϩ CD38 ϩ T-cell subset in kidney transplant recipients; this T-cell subpopulation usually increases during active viral infections. Quantification of CD8 ϩ CD38 ϩ T cells by dual-color FCM in 77 kidney transplant recipients during the posttransplantation period detected high levels of CD8 ϩ
CD38
ϩ subsets in all patients with CMV disease. Belles-Isles et al. (24) therefore concluded that the percentage of CD8 ϩ
ϩ T cells constitutes an immunologic marker that can serve as a tool for early detection of viral diseases.
Viral antigens have also been detected by FCM for the diagnosis of hepatitis and herpesvirus infections. Quantitative and dynamic analyses of hepatitis virus markers are important in the follow-up of antiviral treatments (32) . HBV surface (HBsAg) and HBV core (HbcAg) antigens in peripheral blood mononuclear cells (PBMCs) from HBV patients have been detected by FCM using antibodies (52, 278) . In one study, 35 patients with HBV chronic active hepatitis and 38 out of 60 patients with acute hepatitis B (63%) expressed HbsAg in PBMC. In another work, Chemin et al. demonstrated the selective detection of HBsAg and HBcAg on B lymphocytes and natural killer cells from chronically HBV-infected patients (52) . Hepatitis C virus (HCV), woodchuck hepatitis virus, and varicella-zoster virus were also detected by FCM in PBMCs using monoclonal antibodies to HCV core antigen (34), polyclonal antibodies to woodchuck hepatitis virus (51) , and antibodies to the gpI glycoprotein from varicella-zoster virus (296), respectively. Thus, FCM detection of viral antigens offers a potentially useful automated assay for the clinical diagnosis of multiple blood-borne viruses.
HSV antigens have also been detected in HSV-1, HSV-2, and human herpesvirus 8 (HHV-8)-infected cells by FCM (117, 213, 300, 347) . After overnight amplification of clinical samples suspected to contain HSV, FCM detected virus 1 to 3 days before cytopathic effects were detected in cell culture (213) . Sensitive FCM assays have also been recently developed to quantitate rotavirus in clinical and environmental samples (2, 19) .
Finally, FCM has also been extremely useful in the study of HIV infection (174, 211, 213) . By studying HIV-infected cell lines by FCM in 1987, Cory et al. (61) determined the percentage of infected cells and the relative amount of p24 antigen per cell. These and other authors used the same assay to detect and quantify HIV-infected cells in cell cultures by monitoring p24, p17, nef, gp120, gp41, and gp160/gp41 expression (61, 62, 130) . This method proved to be more sensitive and accurate for quantitative studies and faster than other methods of HIV-1 detection, such as the reverse transcriptase (RT) assay or determination of syncytium formation. Detection of HIV antigens on peripheral blood mononuclear cells by FCM is a useful method for monitoring HIV replication in vivo by monitoring the number of circulating CD4 ϩ cells positive for p24 (63, 131, 235) , p24 and nef (213), or p18 and p24 (107) . In all these works, the percentage of cells expressing these antigens was statistically correlated with the clinical status of the patient. Furthermore, the authors reported an inverse correlation of HIV antigen-positive mononuclear cells and the number of CD4 ϩ cells. Therefore, these assays are useful for rapidly monitoring disease progression in HIV-seropositive individuals and for monitoring the effect of antiviral therapy. Some studies found a lack of correlation between cell-associated antigen detection by FCM and the detection of HIV antigens in sera from HIV-seropositive individuals by the standard antigen capture enzyme-linked immunosorbent assay (ELISA). As explained by McSharry et al. (213) , the lack of correlation is due to a masked antigenemia in the presence of immunocomplexes, which could underestimate the amount of antigen present in peripheral blood detected by ELISA. However, in spite of being a good assay for evaluating disease progression, FCM detection of HIV antigens is not sensitive enough to detect the low levels of HIV-infected peripheral blood cells in asymtomatic HIV-1-seropositive individuals (213) . This lack of sensitivity can be overcome, as discussed below, by coupling in situ PCR and FCM for the detection of small numbers of peripheral blood cells infected with low levels of HIV in asymptomatic individuals.
(ii) Detection and quantification of viral nucleic acids. The emergence of PCR and rPCR RT-PCR techniques has allowed the highly sensitive detection of specific viral nucleic acids (DNA or RNA) in virus-infected cells. These methods are indeed the most sensitive for the detection and characterization of viral genomes, especially in the case of rare target viral sequences (123) . However, the association between the viral nucleic acid and an individual cell is lost, and therefore no information about productively infected cell populations is obtained by this method. FCM analysis of fluorescent in situ hybridization in cell suspension overcomes this problem (33, 173) , since this assay can be coupled with simultaneous cell phenotyping (by using specific antibodies to different cell markers).
FCM detection of in situ hybridization has been used to analyze rare virus-producing cells in peripheral blood samples. HIV-1 RNA in infected cell lines was detected by fixation of the cells in suspension, hybridization with HIV-1 genomic probes labeled with digoxigenin-11-dUTP, detection with fluorescent anti-digoxigenin antibody, and FCM analysis of the fluorescence signals thus generated (33). Link et al. (184) detected CMV antigen pp65 with immunoenzymatic labeling by day 4, whereas CMV-DNA was detected by PCR coupled to FCM detection of in situ hybridization 4 h postinfection on T-lymphoblastoid cells (MOLT-4). This method also detected and quantified mononuclear peripheral blood leukocytes in a patient with active CMV infection (184) . Of CMV-DNA-positive mononuclear peripheral blood leukocytes from patients with active CMV infection, 15% were detected by this method, while only 0.9% were found when CMV antigens were analyzed by immunoenzymatic labeling (184) . Identification of specific CMV-DNA or RNA by this method, with the possibility of phenotyping cells by FCM, should permit latency studies in CMV infections through the identification of specific cells actively replicating the virus and cells that harbor the virus in a latent state, acting as a reservoir for infection. Furthermore, FCM permits these cells to be sorted for the characterization of latency and reactivation mechanisms.
Two fluorescence in situ hybridization-FCM assays have also been developed for monitoring EBV-infected cells in blood (66) . Crouch et al. were able to quantify EBV-infected cells in suspension for both the latent and replicative phases of the virus, using in situ hybridization with two different fluorescently labeled probes (specific for each phase of EBV replication) and FCM (66) . This in situ hybridization-FCM assay detected one positive cell out of 9,000, which is sufficient for a diagnosis of EBV-infected cells in transplant recipients with lymphoproliferative disease.
As an alternative to conventional PCR radioactive methods, nonradioisotope FCM detection of viral PCR products was developed (342) (343) (344) . Following virus-specific PCR amplification incorporating digoxigenin-labeled dUTP, labeled amplicons are hybridized with biotinylated probes, the hybrid DNA is captured using streptavidin-coated beads, and FCM analysis of the binding of FITC-labeled anti-digoxigenin antibodies is performed (342) (343) (344) . This PCR immunoreactive bead (PCR-IRB) assay has been used for the detection and quantification of HIV-1 (342, 343) and HBV (344) viral genomes. As few as two or three copies of HIV-1 proviral DNA sequences were rapidly detected in PBMC from HIV-1-infected blood donors, a sensitivity comparable to that of the conventional radioactive detection of PCR products (342, 343) . The PCR-IRB assay is a very simple, specific, sensitive, and automatic assay for the detection of specific HIV-1 amplicons. Yang et al. (343) , testing a panel of 20 pedigreed PBMC specimens, demonstrated a perfect correlation with the results from conventional radioactive assays. By this method, Dorenbaum et al. (84) detected about three copies of proviral HIV DNA using primers for the long terminal repeat sequences. In a double-blind study of blood samples from 14 mother-infant pairs using the PCR-IRB assay, these authors obtained similar results to those found with the commercial Amplicor HIV-1 PCR kit. On testing 20 specimens of blood donors, with or without markers of HBV infection, PCR-IRB detected HBV DNA in a 1,000-foldhigher dilution than the infectious dose needed to produce infection in chimpanzees (344). The PCR-IRB assay proved to be specific and more sensitive than the PCR analyses involving hybridization with radioactive probes for the detection of HBV in blood. Importantly, the FCM assay avoids the use of radioisotopes.
FCM and RT-PCR have detected gene expression in individual cells (111) . Muratori et al. (225) developed an in situ RT-PCR technique using fluorescein-labeled HCV specific primers detected by FCM for the quantification and phenotyping of HCV-infected cells in clinical blood samples. Although HCV infects PBMC, the small proportion of circulating infected cells is not easily detectable by conventional RT-PCR. These authors detected HCV in PBMC cells of 50% of patients with chronic hepatitis C tested; the proportion of HCV-infected cells ranged from 0.2 to 8.1%.
Recently, a very sensitive and powerful PCR-driven in situ hybridization assay has been developed (115) . This method combines the sensitivity of PCR with the specificity of in situ hybridization, allowing rapid and reproducible detection of single-copy proviral DNA or low-abundance viral mRNA in subsets of cells in suspension. This assay employs PCR-or RT-PCR-driven in situ amplification of viral sequences in fixed cells in suspension with sequence-specific primers and digoxigenin-linked dUTP. The product DNA is hybridized with a fluorescein-labeled oligonucleotide probe, and the cell suspension is then analyzed by FCM (245) . This method has been used for the detection of HIV-1 DNA and mRNA sequences in individual cells in both cell lines and cells from HIV-1-infected patients (243) (244) (245) . The sensitivity and specificity of this technique revealed a linear relationship for the detection of a single copy of intracellular proviral DNA over a wide range of HIV-1-infected cell concentrations (245). Re et al. (274) analyzed the presence of HIV-1 proviral DNA in PBMC from HIV-infected patients at different stages of the disease by a PCR-in situ hybridization FCM assay and correlated the data with p24 antigenemia and virus isolation. p24 antigenemia correlated with the number of CD4-positive cells but was detected in only a very low percentage of patients with a cell count greater than 200 CD4 ϩ T cells per liter. As stated above, detection of HIV antigens is not sensitive enough to detect the low levels of HIV-infected peripheral blood cells in asymtomatic HIV-seropositive individuals. The virus was isolated in most patients with a T-cell count below 500 per liter but only in 4 of 14 patients with a cell count higher than 500 CD4 ϩ T cells per liter. In contrast, the PCR-in situ hybridization FCM assay revealed detectable levels of proviral DNA in all the HIV-1-positive subjects studied, even those with a cell count higher than 500 CD4 ϩ T cells per liter. These data underscore the potential of this assay for detecting small numbers of PBMC infected with low levels of HIV in asymptomatic individuals.
In HIV-1-infected patients, plasma viral RNA levels (viral load) correlate with disease progression (105, 216, 327) . Accordingly, evaluation of this marker by RT-PCR is extensively used to monitor the kinetics of HIV infection and the effects of antiretroviral treatments (12) . However, the RT-PCR assay does not characterize the cell populations contributing to the plasma viral load. The PCR-driven in situ hybridization method coupled to the FCM assay described above allows simultaneous phenotyping of infected cells and hence quantification of HIV-1 proviral DNA or RNA molecules in specific cell populations. Patterson et al. (244) identified and quantified cell subsets in the peripheral blood of HIV-1 patients expressing HIV-1 RNA by using PCR-driven in situ hybridization coupled to FCM. They found a good correlation between the FCM-determined percentage of HIV RNA-positive cells and the expected percentage of HIV RNA-positive cells on the basis of plasma viral load, with sensitivities of less than 30 copies of RNA per cell and a detection limit of 3.5% HIV-1 RNA-positive cells within a heterogeneous population. Simultaneous immunophenotyping by FCM showed that a significantly higher fraction of patients with a high plasma viral load (more than 20,000 copies/ml) harbored HIV RNA-positive monocytes than did those with a low plasma viral load. Furthermore, the PCR-driven in situ hybridization and FCM assay permits the determination of the presence in HIV-1-infected patients of both latent and transcriptionally active viral infection by detection of proviral DNA or viral mRNA. Patterson et al. (245) , testing nine HIV-1-infected patients, observed a significant proportion of PBMCs infected with HIV-1, with most of the cells having viruses in a latent state (the percentage of PBMCs with proviral DNA varied from 4 to 15% whereas the percentage of PBMCs with tat mRNA varied from 1 to 8%).
The above FCM nucleic acid detection techniques have similar sensitivity to conventional PCR, but with the added benefits derived from expression analysis in individual cells (in conventional PCR, nucleic acid expression is not analyzed independently in each cell). Multiparametric analysis of infected cells allows the detection of single-copy proviral DNA or lowabundance viral mRNA (225, 244, 245) in specific subsets of cells that can be phenotyped at the same time. Moreover, FCM is a very useful tool to study the mechanisms of viral latency by association of different stages of the virus cycle and disease progression with the location of the virus in specific cell populations. This can be achieved by using probes to specific mRNAs related to different viral replication stages (66) . Knowledge of cell populations in which the virus is either replicating or in a latent state has important implications for our understanding of virus replication in vivo and progression to disease and hence for therapeutic treatments. Furthermore, it should be possible to sort these cells for further analysis. Double staining of viral nucleic acids together with viral proteins or surface markers is also possible (33, 66) . In comparison with the detection of the PCR-driven in situ hybridization by fluorescence microscopy (92) , in which a large number of microscopic fields must be studied, FCM allows the analysis of thousands of cells in a few seconds. The speed and automation of these assays make them optimal for the rapid diagnosis of viral infections. Since these assays can also determine the relative number of cells bearing viral genomes and the viral load, they could be used to evaluate and monitor antiviral treatments. Amplification of nucleic acid sequences of viruses from cerebrospinal fluid, blood, or tissues, which are difficult to isolate by conventional diagnostic techniques, together with the detection of such nucleic acids by FCM open new possibilities in the diagnosis of viral infections and the characterization of viral pathogenesis.
Serological Diagnosis
Bacteria. The identification of pathogens by microsphere immunoassays using FCM offers the specificity provided by antibodies coupled with the speed and multiparametric analysis provided by FCM. Although these assays can be used to directly detect microbes, they are more useful for detecting antibodies against microbes in sera obtained from patients. Generally, either a bacterial antigen preparation or the whole organism is attached to polystyrene microspheres with a uniform diameter. The antigen-coated microspheres are incubated with the sera, the putative human antibodies recognize the antigen, and, in a second step, a fluorescence-conjugated antibody against human Igs is used for detection. FCM allows this assay to be completed in a short time with excellent sensitivity and reliability. Using this approach, Best et al. (27) detected the presence of antibodies against Helicobacter pylori in sera from 55 patients. These authors demonstrated that this method was as sensitive and reliable as ELISA but faster and cheaper. The simplicity of the technique and the stability of the coated microspheres make the FCM immunofluorescence assay highly practical for serodiagnosis.
The characteristics of FCM allow the detection of more than one antigen at the same time. Thus, simultaneous detection of multiple antibodies using different-sized particles coated with different antigens or microbes would make it possible to detect multi-infection diseases. Furthermore, using several fluorochrome-conjugated antibodies against human Igs and differently sized microspheres, FCM can gather information from each different-sized microsphere and particular fluorescence signals. Using Brucella abortus-coated microspheres and Staphylococcus aureus fixed cells, dual antibody detection in sera and milk from cows has been reported by Iannelli et al. (138) . In this assay, antibodies against the two bacteria are identified on Another use of the microsphere fluoroimmunoassay by FCM is to detect bacterial toxins. In cases where the suspicion of Clostridium difficile infection is high, it is necessary to confirm the presence of toxin A in patient samples. Renner (275) reported a microsphere fluoroimmunoassay for C. difficile toxin A using microspheres of two different sizes. The largest one was coated with polyclonal antibody against toxin A, and the smaller one, which was fluorescent, was coated with monoclonal antibody against toxin A. In the first step, large microspheres were added to the stool samples, and after incubation, smaller fluorescent microspheres were added. FCM measurement allowed the separation and washing steps to be omitted by gating the light scattered by the larger microspheres and measuring only the associated fluorescence from the smaller particles. Renner compared this method with the cytotoxin assay and culture of the organism from patients with C. difficile-associated gastrointestinal disease. The results showed that the fluoroimmunoassay was less sensitive than the cytotoxin assay and culture but had the same specificity, with the advantage of being rapid, and, as the author stated "in laboratories with a flow cytometer, this offers an alternative method for the laboratory diagnosis of C. difficile-associated gastrointestinal disease." Tapp and Stotzky (313), using a similar approach to detect and track the fate of toxins from Bacillus thuringiensis, concluded that FCM is more sensitive and rapid than dot blot ELISA and that it is possible to process many samples easily.
The detection of antibodies with borreliacidal activity in sera from patients with Lyme disease can help in both early and late serodiagnosis. Using FCM, it is easy to detect the loss of viability of Borrelia burgdorferi incubated with sera from patients with Lyme disease, using fluorochromes that detect the damage caused by antibodies. Callister et al. (43) used acridine orange to demonstrate this effect.
The above work demonstrates the potential of FCM as a routine technique in clinical microbiology laboratories for detecting the presence of antibodies against microbes in patient sera and for reliably checking the presence of toxins in clinical samples.
Fungi. The use of FCM and the antibodies present in patient sera to detect fungal pathogens was first described by Libertin et al. (183) in 1984. Pneumocystis carinii cysts in lung homogenates from biopsy specimens were detected by these authors using sera from patients and experimentally infected rats. Bergbrant (26) , using FCM to monitor antibodies against Pityrosporum ovale in sera from patients with seborrheic dermatitis, demonstrated that there was no relationship between this microorganism and the illness.
Although the tools to directly detect antibodies against fungi in patient sera do exist, no work validating the FCM procedure has yet been published.
Parasites. The presence in patient sera of antibodies to any particular parasite can permit an FCM-based diagnosis of parasitism. Martins-Filho et al. (199) , using FCM on serum from patients chronically infected with Trypanosoma cruzi, developed a sensitive method for the immunodetection of antitrypomastigote membrane-bound antibodies. They were also able to monitor the treatment in order to establish its effectiveness. A similar assay was developed by Cozon et al. (64) with Toxoplasma gondii, using fixed tachyzoites and specific conjugates for different human Ig heavy chains. They were able to quantify the amounts of IgM, IgG, and IgA antibodies in patient sera by measuring the amount of fluorescence bound to tachyzoites. The authors stated that the method might offer a major improvement in cost-effectiveness per sample (especially when a large number of tests is used) compared with routine immunofluorescence assays by fluorescence microscopy and further stressed that it could be fully automated.
Viruses. Some methods have been routinely used to detect specific antibodies to viral antigens. Among these techniques are ELISA, complement fixation, indirect immunofluorescence microscopy, and Western blotting. In addition, the detection and quantification of antibodies to viral antigens can be carried out by FCM. This technique has been used to detect and quantify antibodies to CMV (209), HSV-1 and HSV-2 (46, 209) , HCV (187, 210, 279) , and HIV-1 (100, 118, 133, 290,  294) .
Most of these viral antibody quantifications use a microsphere-based immunoassay and FCM. In this assay, polystyrene microspheres attached to viral antigens are used as a support for viral antibody detection by FCM. For the simultaneous detection of two or more viruses, different-sized microspheres, each coated with a specific viral antigen, are used. The assay has the advantage of simultaneous detection of multiple antibodies with high analytic sensitivity. Simultaneous detection and quantification of antibodies to CMV and HSV was achieved by McHugh et al. (209) using this method. Using particles of different sizes coated with p31, gp120, p24, and gp41 antigens from HIV-1, Scillian et al. (290) were able to detect and quantify the specific antibodies. An FCM immunofluorescence assay (FIFA) with high sensitivity and specificity was developed by Sligh et al. (294) to detect antibodies to HIV-1 by using HIV-1-infected cell lines. The cells are incubated with the sera to be tested, and incubation with an FITCconjugated anti-human Ig and FCM allows the quantification of HIV-1 antibodies in the sera. Based on this assay, Folghera et al. (100) developed a FIFA for the quantitative determination of HIV p24 in HIV-1-infected cells and used the reduction in HIV-1 p24 antigen expression in these cells to determine the neutralizing-antibody titers in human sera (100). This method also allowed the rapid detection and monitoring of antibodies to native and recombinant human HIV-1 envelope glycoproteins following gp160 immunization (118) . A new serological assay, the recombinant FIFA, was later described (133) for the early detection of HIV-1 antibodies. In this assay, antibodies in sera are evaluated by FCM for binding to the HIV-1 recombinant insoluble forms of proteins Gag-p45, Gag-gp41, and gp160 expressed in insect cells by a baculovirus expression system. The sensitivity of this method permits earlier detection of antibodies after initial infection than for enzyme immunoassays, with a reduction in the "window" period, i.e., the time between initial infection and the time of seroconversion, a parameter which is critical in infection from blood transfusions (133) .
The humoral immune response to HCV has been evaluated in patients with chronic hepatitis (187) . Antibodies to HCV core and NS3 antigens have been quantified using immunoassay beads and FCM (210) in blood donors. The microsphere assay resulted in increased sensitivity (fivefold higher than that of reference methods) of HCV detection and resolved a significant proportion of indeterminate samples. A fast FCM assay that measures the neutralization of the binding of recombinant HCV E2 envelope protein by antibodies to human cells has also been described (279) . This method permits study of the natural immunity to HCV and should be useful in the development and validation of vaccination protocols.
To conclude, the investigations of Best et al. (27) and Iannelli et al. (138) , among others, offer the possibility of performing FCM serodiagnosis in an elegant, rapid, cheap, and precise manner. The technique is simple and can be used for many pathogens (including viruses), with an additional possible ad-vantage of detecting more than one microorganism in a single sample. The use of FCM in clinical microbiology laboratories would allow detection times and costs to be reduced. At present, however, it is not in general use and the setting up of such protocols can be fairly time-consuming.
ANTIMICROBIAL EFFECTS AND SUSCEPTIBILITY TESTING BY FLOW CYTOMETRY
The first experiments in which FCM was used to study the effects of antimicrobial agents in prokaryotes were carried out at the beginning of the 1980s (136, 302, 304, 306 ). In the 1990s, there were interesting advances in this field from microbiology laboratories, and the number of scientific articles addressing the antimicrobial responses of bacteria (including mycobacteria), fungi, and parasites to antimicrobial agents increased considerably. The development of FCM in combination with fluorochromes permits the assessment of individual viability and functional capacity (membrane potential and metabolic pathways) within microbial populations. This allows investigators to explore the possibility of performing susceptibility testing within the applications of FCM. Also, the introduction of this technique in clinical laboratories for routine susceptibility testing has been proposed, since this approach can be performed reliably in just a few hours. Several examples of the study of the antimicrobial effect and susceptibility testing by FCM are shown in Table 2 .
Available data clearly demonstrate the utility of this technique to also assay viral susceptibility. Since the pioneer works of Rosenthal et al. (280) and Pauwels et al. (247) on the use of FCM to study the effect of antiviral agents on herpesvirus and HIV, FCM has been used by several groups, particularly those studying these viruses and CMV. The detection and quantification of viral antigens and viral nucleic acids in combination with antibodies or nucleic acid probes, respectively, or any other cellular parameter associated with viral infection have been used in FCM protocols for the in vitro evaluation of antiviral-drug activities. In addition, the possibility of on-line monitoring of the antiviral treatments ex vivo has also been explored. The latter approach has also been applied to bacterial and fungal infections; rapid and sensitive protocols for the evaluation of microbial responses to antimicrobial agents are also available.
In the following sections, the possible uses of FMC in antimicrobial susceptibility testing are discussed according to the type of pathogen involved.
Antibacterial Agents
Standardized methods for performing in vitro susceptibility testing of bacteria in clinical microbiology laboratories are widespread (98) . Qualitative and/or quantitative results are given on the basis of the size of the zone of inhibition or MIC. Despite the automation of MIC-based broth microdilution systems, an 18-to 24-h incubation period is usually needed before antimicrobial activity can be quantified. Recently, fluorogenic, turbidometric, and colorimetric technology has reduced susceptibility testing to 4 to 6 h (83, 98). However, unless the bacterial inoculum is quantified, only the bacteriostatic effect, i.e., the MIC, is generally tested by clinical laboratories. The MBC, which reflects the bactericidal effect of antimicrobial drugs, is rarely determined. This requires calculation of bacterial counts, generally expressed as CFU, which involves bacterial culture dilutions and subcultures. In addition, neither MIC nor MBC determinations consider the heterogeneity of bacterial populations. Similarly, postantibiotic and subinhibitory concentration effects (106) , which offer pharmacodynamic data based on the antimicrobial activity, are rarely determined in clinical laboratories since these determinations (190) are tedious and time-consuming.
FCM has proved to be very useful for studying the physiological effects of antimicrobial agents on bacterial cells due to their effect on certain metabolic parameters (membrane potential, cell size, and amount of DNA). In addition, FCM is a reliable approach for susceptibility testing, offering results in terms of the bactericidal or bacteriostatic effect (86, 108, 198, 262, 331) .
The studies by Martinez et al. (198) and Steen et al. (302) in 1982 on the antimicrobial effects on bacteria assayed by FCM are now considered classic. They demonstrated that the effect of ␤-lactam antibiotics on E. coli can be detected by measurements of light scattering and DNA content after 10 min of incubation with the drug. Using FCM, Steen et al. (302) showed the effect of several antibiotics that inhibit protein synthesis (chloramphenicol, erythromycin, doxycycline, and streptomycin) on E. coli with the fluorescent DNA probe mithramycin (305) . Since then, FCM has been used to measure the effects of different antimicrobial agents on bacteria ( Table 2) .
Realizing the potential of FCM in this field, several companies have developed new products to rapidly perform antibiotic susceptibility testing in clinical microbiology laboratories. We have used one of these products (Bac-light; Molecular Probes) to analyze the reliability of this test in clinical microbiology. We worked with two strains of Enterococcus, one sensitive to vancomycin (E. faecalis ATCC 29212) and other resistant (E. faecium U2A1), with a vanA element responsible for its vancomycin resistance phenotype. In addition, as a control we included an E. coli isolate showing intrinsic resistance to vancomycin. The above-mentioned products are kits with two fluorochromes that permit the detection of live and dead cells. Bacterial cells were incubated with and without vancomycin for 2 h at the respective MICs of this drug (Fig. 5) . Antimicrobial effects were detected by measuring the variations in fluorescence due to dead cells within 3 h of incubation with the antibiotic. Another advantage of FCM (Fig. 5) , as mentioned above, is the visualization of the heterogeneity of the response of the cells to the antimicrobial agent. This heterogeneity is detected by determining the presence of subpopulations that are less susceptible to the antimicrobial agent treatment. Davies and Hixson have recently reported similar results (69) . Therefore, it is feasible to use FCM and fluorescence probes to perform rapid testing of the susceptibility of bacteria to a panel of antimicrobial agents before choosing the treatment. Moreover, resistant subpopulations can be effectively detected, representing an interesting advantage of FCM that can be suitably exploited in clinical studies (331) .
Measurement of bacterial susceptibility. By using fluorescence probes, FCM measures the light scattering of cells in suspension and fluorescence of cellular contents or metabolic activity. Thus, the activity of antimicrobial agents can also be described in terms of changes in cell shape and in fluorescence (262, 329, 330) . In this sense, Walberg et al. (329, 330) , and others (108, 200) showed that light scattering is a useful parameter of antimicrobial effects, irrespective of their mechanisms of action. This was demonstrated with two different drugs: ceftazidime, which acts on the bacterial envelope, and ciprofloxacin, whose target is a gyrase. Nevertheless, the same authors (329, 330) used both fluorescence detection and lightscattering analysis when susceptibility testing was performed directly in clinical samples in order to distinguish bacterial cells from debris and other components.
Two major categories of fluorochromes have been used to study antimicrobial effects and short-term antimicrobial activity: (i) DNA-and RNA-labeling dyes and (ii) metabolic or protein-binding probes, which include membrane potentialsensitivity dyes (262) ( Table 2 ). The choice of these substances in a particular protocol is related to their excitation and emission properties and to the mechanism of action of the antimicrobial. Mithramycin with ethidium bromide (DNA-staining dyes) were the first probes used for susceptibility testing by FCM (302) and are still in use (331) . These probes estimate viability in an indirect way. After staining, the antibacterial activity in antimicrobial-exposed cells is measured as a result of the ploidy in organisms undergoing filamentation (unable to generate independent cells after division). This has been performed with ␤-lactam antibiotics, which affect cell membrane integrity but induce an increase in nucleic acid contents in growing but not dividing cells. DNA ploidy has also been studied by Durodie et al. (86) in E. coli with sub-MIC concentrations of ␤-lactam antibiotics. PI, a fluorochrome that intercalates into double-stranded nucleic acid, is a more appropriate stain than ethidium bromide for susceptibility testing by FCM (262) . Because PI is a nonpermeable dye that is excluded by viable cells, measurement of the loss of viability produced by antimicrobial agents or other compounds is possible. For example, Gant et al. (108) studied the effect of several classes of antimicrobial agents, such as an aminoglycoside (gentamicin), ␤-lactams (ampicillin, mecillinam, and cefotaxime), and a DNA gyrase inhibitor (ciprofloxacin), on the integrity of the outer membrane of E. coli as measured by the uptake of PI. This method allows differentiation among antibiotics with different cell wall enzyme targets due to its effects on cell light-scattering characteristics and its effect on the integrity of the outer cell membrane of E. coli, measured simultaneously.
Other new nucleic acid-staining fluorochromes that provide more intense fluorescence and resolution have also been used to test antimicrobial activity (189, 203) . SYTO-13 and SYTO-17 label both DNA and RNA (127) . These stains were used by Comas and Vives-Rego (59) in combination with oxonol to assess the effects of gramicidin, formaldehyde, and surfactants on E. coli viability and membrane potential. Another fluorochrome is acridine orange (202) , which stains DNA and RNA at the same time but with different wavelength emissions. Therefore, variations in the relative amount of each nucleic acid in the presence of antimicrobials can be evaluated. Also, acridine orange penetration depends on plasma membrane integrity, and so the method can also be used to measure alterations in plasma membrane permeability produced by the action of antimicrobial agents.
Bacterial cells respond to different antimicrobial agents by decreasing or increasing their membrane potential. Moreover, cell death and/or membrane damage brings about a collapse of the electrical potential. Membrane potential can be effectively measured by FCM using potential-sensitive probes (262) . These dyes are normally positively charged and accumulate inside the cell, rendering it fluorescent. As the cell depolarizes, the dye is redistributed or the electronic environment changes and the fluorescence produced by each fluorochrome molecule decreases. Some of these probes belong to the carbocyamide group of dyes, which includes 3,3Ј-dipentyloxocarbocyanine iodine [DiOC 5 ]. This dye was previously used to measure membrane potential in mammalian cells by FCM (291) . Ordoñez and Wehman (237) applied DiOC 5 to assess the susceptibility of S. aureus to penicillin G and oxacillin. The results were comparable to those obtained by conventional susceptibility tests but were obtained 90 min after addition of the antimicrobial, as opposed to the usual overnight period.
Rhodamine 123 and oxonol [bis(1,3-dibutylbarbituric acid) trimethine oxonol] are other membrane potential probes used to assess drug effects by FCM (59, 150, 310) . Their accumulation inside bacterial cells depends on the difference in charge between the two sides of the plasma membrane. Rhodamine 123 is a cationic lipophilic dye. Because it is not readily taken up by gram-negative organisms (157, 205) , it is used only for gram-positive organisms. Rhodamine 123 is accumulated in the cytosol by cells with an active transmembrane electrochemical potential. In contrast, oxonol is an anionic lipophilic dye that can enter the cell only when the membrane has become depolarized. Therefore, fluorescence-emitting cells have a low membrane potential; the higher the decrease in membrane potential, the higher the intensity of oxonol fluorescence (67, 78, 157, 189, 203, 237) .
Since the same fluorochrome can be used in different studies, versatility is an essential property. Oxonol has been used for susceptibility testing of different classes of antimicrobial agents in both gram-positive and gram-negative organisms (Table 2) . Mason et al. (200) used this dye to analyze membrane damage caused by gentamicin, a protein synthesis inhibitor, and ciprofloxacin, a DNA gyrase inhibitor. Suller et al. (310) used it to study the effect of penicillin, methicillin, and vancomycin, all of which interfere with bacterial envelope synthesis. In addition, Jepras et al. (150) used oxonol to study the action of azithromycin, cefuroxime, and ciprofloxacin on E. coli. Another advantage of oxonol is that it can be added directly to the liquid culture, avoiding any pretreatment steps that may cause perturbations in bacteria and interfere with the effect of the antimicrobials. Furthermore, oxonol is nontoxic to bacterial cells, unlike cationic dyes (79) .
Measurement of antimycobacterial drug susceptibility. Fluorescein diacetate (FDA) (a nonfluorescent diacetyl fluorescein ester that becomes fluorescent upon hydrolysis by cytoplasmic esterases) staining and FCM have been used by Norden et al. (231) for the FCM susceptibility testing of Mycobacterium tuberculosis. In contrast to the delay in obtaining data in current antimycobacterial drug susceptibility testing, results were available within 24 h. In addition, using FDA, Bownds et al. (36) demonstrated that mycobacterial multiplication was not required to measure antimycobacterial drug activity, as is the case with traditional methods. Mycobacterium avium, Mycobacterium gordonae, Mycobacterium fortuitum, and Mycobacterium marinum treated with different concentrations of ciprofloxacin, kanamycin, and other tuberculostatic agents were easily differentiated from untreated cells after 6 and 24 h of incubation (36) . Using the same protocol, Kirk et al. (164) determined the susceptibilities of 35 clinical isolates of M. tuberculosis to several concentrations of isoniazid, rifampin, and ethambutol in 24 h. To avoid manipulator infection risks, Moore et al. (222) have developed a variation of the above method using paraformaldehide to inactivate Mycobacterium. In this case, the time needed to obtain susceptibility results increased to 72 h.
A different approach has been explored to use FCM to detect mycobacterial growth inhibition under antimicrobial pressure based on mycobacterial microencapsulation in agarose gel microdrops. FCM was used to monitor colony growth by evaluating the intensity of auramine staining after different times of incubation in the presence or absence of rifampin and isoniazid. With this system, growth inhibition was demonstrated after 1 to 3 days, and, indeed, the presence of an isoniazid-resistant subpopulation was observed (283) .
Intracellular bacterial pathogens. Antimicrobial susceptibility testing by FCM has also been used for intracellular pathogens such as Rickettsia tsutsugamushi (160) . Conventional susceptibility methods for this organism include direct microscopic counting of Giemsa-stained cells and mouse protection assays. Both methods are slow, labor-intensive, and expensive in comparison with FCM screening. Kelly et al. (160) evaluated the in vitro effectiveness of doxycycline and azithromycin against both doxycycline-sensitive and -resistant R. tsutsugamushi strains. Inhibitory concentrations were assayed by measuring the reduction in the number of infected cells determined by fluorescence emission of stained R. tsutsugamushi. This method allowed screening of numerous isolates for their susceptibility to a variety of antibiotics that was faster than conventional techniques. The correlation between FCM screening and conventional susceptibility testing was high.
Recently, Dessus-Babus et al. (75) developed a specific and reproducible technique for the susceptibility testing of another intracellular pathogen, Chlamydia trachomatis. The results for susceptibility to doxycycline, ofloxacin, and erythromycin obtained by FCM were compared with those obtained using the standard method of determining the minimal chlamydicidal concentration by microscopie examination. The assay was performed on 13 clinical isolates after infection of McCoy cells and incubation for 25 h with and without the antimicrobial agent. An FITC-conjugated monoclonal antibody to the major outer membrane protein of Chlamydia was used to stain chlamydial inclusions. Calculation of the 50% inhibitory concentration (IC 50 ) by FCM allowed a more objective and precise evaluation of antimicrobial activity than did reading of microscopic inhibitory concentrations. The values obtained were reproducible and could be applied to compare the results obtained with different drugs.
Postantibiotic effect. The presence of a transient inhibition of bacterial growth after prior exposure to antimicrobial agents (postantibiotic effect) was first described by Bigger (30) . Although this effect is responsible for a persistent inhibition of bacterial cells after short-term exposure to an antimicrobial agent (190) , the mechanism(s) through which this effect is exerted remains obscure (106) . These data are generally used to define antimicrobial dosing, e.g., single daily doses, as in the case of the new fluoroquinolones and aminoglycosides (101, 307) . Traditionally, studies of the postantibiotic effect have been based on bacterial counts (190) , and only a few authors have explored the possibility of using other approaches (65) . By detecting changes in the impedance of the culture media, Baquero et al. (18) were able to measure bacterial growth. This parameter is related to the metabolic activity of the cell population and may be considered equivalent to measuring viable cells in a given population. Other authors have used optical density, carbon dioxide generation, intracellular ATP measurements, and the rate of [ 3 H]thymidine incorporation to assess microbial growth (65) . Recently, FCM has been used to successfully determine the postantibiotic effect (119, 309) . This technique has the advantage of studying the heterogeneity of bacterial populations and particular metabolic events during the postantibiotic-effect period. Gottfredsson et al. (119) studied microbial sizes and nucleic acid contents in E. coli and P. aeruginosa populations during the exposure of these microorganisms to antimicrobial agents as well as during the postantibiotic effect period (after drug removal). Aliquots of bacterial growth were stained with PI at regular time intervals during and after drug exposure. Different effects could be observed during the post-antibiotic period. In general, the postantibiotic effect induced by ␤-lactam antibiotics and ciprofloxacin is characterized by the appearance in the population of enlarged cells with increased nucleic acid contents whereas rifampin induces a decrease in the size and nucleic acid contents of the microorganism. Both effects would have been missed if only bacterial counts had been monitored. Suller et al. (310) also reported the heterogeneity of bacterial populations during the postantibiotic-effect phase in S. aureus cultures previously exposed to methicillin. Despite the observation of very few variations in the numbers of CFU during this phase, a continuous decline in membrane potential and respiratory activity was found using FCM. Again, these effects would have been missed if FCM had not been available.
Antifungal Agents
Interest in antifungal agents and resistance to these antimicrobials has redoubled during the last decade. Invasive fungal infections have emerged as major causes of morbidity and mortality due to the increasing numbers of immunocompromised and HIV patients. Nevertheless, antifungal susceptibility testing in clinical laboratories is currently performed to a far lesser extent than is susceptibility testing of antibacterial agents. Unlike bacteria, standardized methods and interpretable guidelines have only recently been proposed for antifungal agents, and even then they remain controversial (253) . Different definitions of breakpoints for susceptibility testing may occur as a result of the absence of consensus-standardized MIC techniques for different antifungal drugs (165) , hindering the interpretation of results and protocol standardization. The broth dilution methods for yeast susceptibility testing of the National Committee for Clinical Laboratory Standards (NCCLS) are labor-intensive and require 48 to 72 h of incubation. Alternative methods including the E-test (253), the Bioscreen microdilution method (323) , and a colorimetric system (94) have also been proposed.
The FCM assay has been proposed as a reliable alternative method to study antifungal activity. Moreover, FCM has also been used for yeast susceptibility testing (120, 163, 234, 252, 259-262, 270, 336) . The results obtained with FCM agreed with those obtained by NCCLS methods and were available in only 24 to 32 h or even in 9 h (163, 233) . Moreover, the definition of end points for antifungal treatment by FCM is probably easier (252) .
There are several studies based on FCM. In 1990, Pore et al. (259) developed an FCM assay to study the susceptibility of C. albicans to ketoconazole, amphotericin B, and 5-fluorocytosine. Using both PI and rose bengal, the time required for susceptibility determinations decreased from 24 to 48 h to only 9 h. Sensitivity and reliability were greater than in the standard NCCLS broth dilution method. The assay could also be applied to other pathogenic yeasts such as Candida tropicalis, Candida parapsilosis, Candida lusitaniae, Candida krusei, Candida guilliermondii, Torulopsis glabrata, and Rhodotorula rubra (262) and Crytococcus neoformans (261) . O'Gorman and Hopfer (233) used ethidium bromide and FCM to study drug susceptibility in yeasts, measuring the effects of amphotericin B on Candida species after 8 h of incubation. Carter et al. (45) performed similar studies using different fluorochromes to detect dead and living cells (PI and FDA) and changes in membrane potential (oxonol) and intracellular ion concentrations (Indo-1 and Fluo-3). Unfortunately, no relationship between the antifungal agents and the ion concentration could be established, since the ion-sensitive probes were unable to stain yeast cells. The authors reported alterations in oxonol fluorescence after 20 min of incubation with amphotericin B, although with other fluorochromes, such as PI, the response time was longer (8 h). Differences in the detection times of the various fluorochromes depend on the parameter measured by the fluorochrome. Since amphotericin B mainly affects the plasma membrane potential, oxonol will first detect this effect. By increasing the amphotericin B incubation time, the plasma membrane will be affected to a greater extent, which will permit the entrance of PI.
In 1994, using FDA, Green et al. (120) showed that FCM was a better and faster method than conventional ones for determining and comparing the antifungal activities of compounds with different modes of action. Since then, several studies have shown that FCM can be effectively used for antifungal susceptibility testing. Ordóñez and Wehman (237) measured the variations in the membrane potential of different Candida species with DIOC 5 when cells were incubated with amphotericin B. Sensitivity or resistance was determined after 30 min in the presence of the antifungal agent. Moreover, two recent articles have reported the effectiveness of PI in testing antifungal susceptibility by FCM (163, 270) . The results of both studies were comparable to those obtained with the reference NCCLS macrodilution method during a period ranging from 2 to 24 h. The antifungals studied were amphotericin B, fluconazole, and itraconazole. Recently, Peyron et al. (252) have compared FCM with the NCCLS broth dilution method for amphotericin B. Oxonol was used to measure the variations in membrane potential. From the dose-response curve obtained for each isolate, the concentrations at which the fluorescence intensity was reduced by 50, 80, and 90%, i.e., the IC 50 , IC 80 , and IC 90 , respectively, were calculated. Regression analysis revealed that the best agreement with the M27-T NCCLS document was obtained with the IC 80 end point. Thus, FCM can be effectively used for routine susceptibility testing since this end point is currently used in clinical laboratories to distinguish susceptible from resistant isolates. Moreover, the results were highly reproducible and were obtained within 1 h.
Also, susceptibility studies of Pneumocystis carinii have been performed using FCM and PI (223) . Although significant advances have been made in susceptibility testing for filamentous fungi (73) , to our knowledge FCM has not yet been used.
Factors Affecting Bacterial and Fungal Susceptibility Testing
Several authors have underscored the importance of different factors that can affect bacterial susceptibility testing by FCM. Although such factors do not imply a clear limitation in the FCM assay, they may give misleading results. Knowledge of these factors is critical for the implementation of methods to avoid false resistance and/or false susceptibility results. These factors have been studied with bacteria, but similar considerations could also be applied to other organisms, such as fungi or parasites.
The organism itself can affect susceptibility testing by FCM. Because different bacterial species and occasionally even different strains of the same species show different abilities to take up membrane potential-sensitive dyes, this has been suggested to affect susceptibility testing by FCM (201) . The ability of rhodamine 123 to stain cells differs between gram-negative and gram-positive organisms (205) , possibly due to the highly charged nature of gram-negative bacterial lipopolysaccharide. Moreover, enhanced efflux mechanisms resulting in extrusion of the internalized dye may decrease the amount of dye present inside the cells of certain bacteria and thus give misleading results (95, 151, 220) .
Dye concentrations and staining times can also affect susceptibility testing by FCM (59, 108, 201) . For example, the labeling properties of oxonol in E. coli are related to dye concentrations (201) . The effects of valinomycin were better defined at oxonol concentrations of 10 than 0.5 mg/liter. Nevertheless, a high dye concentration can produce cytotoxic effects (259) . Therefore, staining protocols for susceptibility testing should be carefully established and appropriate controls should be used.
Another important issue is the cell preparation. For instance, permeabilization is used in certain FCM protocols. This procedure allows certain nonpermeable dyes to cross the cytoplasmic membrane, while permeable dyes cross more readily. Therefore, incubation times must be changed. Pretreating gram-negative bacteria with 1 mM EDTA improves the uptake of the membrane potential dye rhodamine 123, allowing the detection of antibiotic effects on the membrane potential of gram-negative bacteria. However, such pretreatment can affect the physiological parameters of bacterial viability and indeed the membrane potential (79, 205) . A fixation step is mandatory in DNA staining of bacteria with nonpermeant stains. This can be achieved by 70% ethanol treatment (37) , but two steps of centrifugation are required, thus increasing the processing time and loss of cells. An alternative to ethanol fixation is the cold shock procedure, which has been used with E. coli cells (151) . Permeabilization of exponentially growing E. coli involves placing the cells in ice-cold EDTA (10 mm) in phosphate-buffered saline (pH 7.4) containing 4 g of azide per liter. The cold shock procedure was recently used by Walberg et al. (331) in combination with ethidium bromide and mithramycin. This seemed to be as efficient as ethanol fixation for detecting the effects of ␤-lactams and quinolones but not for detecting the effect of gentamicin.
The use of surfactants has also been proposed to render cells permeable to fluorescence dyes but can affect the FCM results (59) . Because these agents may exert biocidal activity, they could interfere with the antibacterial effect of the antimicrobial agent being tested. Also, these agents may generate independent particles (debris) which are detectable by the cytometer as light scatter signals (59) . Sometimes these signals are proportional to the surfactant concentration and can be attributed to micelle formation and cellular aggregation. Nevertheless, by using cationic surfactants with null biocidal activity, this pitfall has been circumvented (59) .
The antimicrobial drug concentration should be carefully controlled since different concentrations may give different results. In early studies, Steen and coworkers used concentrations exceeding the MIC values for bacteria (302, 303) but other authors used lower and even sub-MIC concentrations (87, 198) . Over the last few years, antimicrobial effects have been studied at clinically achievable concentrations (58, 200, 237, 329, 330) . Gant et al. (108) tested antimicrobials by FCM at concentrations equivalent to conventional MICs. In this study, the exposure time of bacteria to the antimicrobial agents prior to the FCM assay was also critical for the demonstration of the inhibitory action.
The inoculum and bacterial growth phase are other factors that may affect FCM results. Comas and Vives-Rego (59) used stationary-phase instead of exponential-phase cells mainly for two reasons: (i) stationary-phase inocula are used in conventional antimicrobial assays, and (ii) stationary-phase cells remain stable longer than do exponential-or dead-phase cells. These authors observed a progressive decline in rhodamine 123 uptake during the growth phase, whereas exponential or stationary populations did not take up oxonol, which was incorporated only in the dead-phase. In general, bacterial and yeast inocula are slightly higher in FCM susceptibility assays than in conventional assays. With this approach, resistant subpopulations can be better detected.
Like any other technique, FCM requires work and time in the setting up of protocols. The factors affecting the results are the same as those affecting conventional susceptibility protocols plus those intrinsic to FCM, such as aggregation, cell size, and autofluorescence. Once these are delineated, FCM can be routinely used in antimicrobial susceptibility testing. The possibility of using simple commercial kits, such as the one described in Fig. 5 , will encourage the use of FCM in clinical microbiology laboratories.
Antiparasite Susceptibility
Drug resistance among parasites is an increasingly recognized phenomenon, particularly among different Plasmodium species (88, 242) . Clinical failure, rather than laboratory results, is taken as indicative of a drug resistance process. Unlike bacteria and yeasts, testing of parasites for susceptibility to antimicrobial drugs is not generally performed in clinical laboratories due to technical difficulties and the absence of standardized methods. Interestingly, different authors have used FCM to study the effect of antiparasitic drugs and explore the possibility of routine susceptibility testing. For example, Azas et al. (15) used FCM to assess the effects of pentamidine, allopurinol, and amphotericin B on Leishmania infantum metabolism with PI to measure viability and DIOC 5 to detect membrane potential alterations. Moreover, using FCM and rhodamine 123, Maarouf et al. (192) demonstrated that paromomycin rapidly affects the mitochondrial activity of Leishmania donovani, lowering rhodamine 123 fluorescence. They suggested that the decrease in rhodamine 123 fluorescence could be used to detect sensitivity to drugs in this parasite. An FCM multiparameter approach was developed by Basselin et al. (21) to study the differences between pentamidine-resistant and -nonresistant Leishmania. They detected variations in mitochondrial membrane potential and lipid metabolism in pentamidine-resistant cells.
Pattanapanyasat et al. (242), working with a drug-resistant Plasmodium strain, described an antiparasite drug susceptibility method using FCM. Using several iron chelators as antiparasite drugs, FCM measured their effects on Plasmodium viability by detecting parasites inside the red blood cells. They demonstrated the importance of iron for parasite growth and showed that FCM provides a simple and reliable means of antimalarial drug susceptibility testing. Analyzing environmental samples, Bamdad et al. (16) used FCM to test the uptake and efflux of several polycyclic aromatic hydrocarbons in Tetrahymena spp. in an attempt to obtain evidence of a resistance mechanism.
As stated above, FCM has already been used to study the effects of antiparasite drugs. Despite this, its application in routine practise does not seem to be as common as in the study of antibacterial and antifungal agents, perhaps for socioeconomic reasons rather than because of scientific criteria.
Antiviral Susceptibility
Although antiviral in vitro susceptibility testing is not routine in the clinical microbiology laboratory, the development of rapid and accurate tests is essential for the screening of new antiviral compounds and antiviral susceptibility studies. From a clinical point of view, the emergence of antiviral resistance increases the necessity for rapid, automated, and objective assays. Different methods commonly used to test viral susceptibility include plaque reduction assays, virus yield reduction assays, assays based on inhibition of the virus-induced cytopathic effect, and assays for the detection of viral nucleic acids and viral antigens. These conventional methods are labor-intensive and time-consuming. Because viral antigens, nucleic acids, or any viral parameter related to viral infection can be quantified by FCM, the antiviral susceptibilities of clinical isolates or laboratory strains can be rapidly determined. FCM also permits rapid screening and assessment of new potential antiviral compounds and their mechanisms of action. In a recent review, McSharry (212) has described the applications of FCM to (i) the screening of antiviral compounds active against human CMV, HSV, and HIV and (ii) the performance of drug susceptibility testing for clinical isolates. Since both FCM studies of antiviral susceptibility in clinical isolates or laboratory strains and studies of antiviral activities or antiviral mechanisms of action are based on the same principles and techniques, we will review both in this section by virus type.
HSV. Rosenthal et al. (280) developed a rapid and easy FCM method to screen the anti-HSV activities of several antiviral agents. The method was based on HSV-induced changes in cellular DNA content measured by the binding of PI to the DNA. The lower the antiviral activity, the larger was the DNA amount and the more intense was the PI fluorescence (280) . The activity of antiviral drugs against HSV-1 (300), HHV-6 (276) and varicella-zoster virus (295, 296) has also been assayed by FCM by measuring the inhibition of specific viral antigen expression for each drug with antibodies against virus antigens. For example, Pavic et al. (248) developed a quantitative FCM method measuring gpC expression to determine the susceptibility of HSV-1 to acyclovir, ganciclovir, and foscarnet; this was done by measuring the amount of antibody against gpC binded to infected cells. The results were compared with those obtained by the standard cytopathic effect inhibitory assay. A very interesting conclusion was reached: while both methods gave identical qualitative results, the range of IC 50 detected for acyclovir-resistant strains by FCM was much broader than that detected by the cytopathic effect inhibitory assay for the same isolate. Therefore, it is possible to detect resistant viral subpopulations within phenotypically characterized sensitive populations by using FCM. In view of the emergence of drug-resistant viral subpopulations after long-term treatment with acyclovir, this finding is of great interest in the clinical setting, since it should be possible to detect not only resistance but also the emergence of resistance in a patient.
CMV. FCM has been used for rapid in vitro evaluation of anti-CMV agents (185, 227, 295 (162) , an FCM assay differentiated gancyclovir-sensitive and -resistant strains of human CMV clinical isolates and laboratory strains by quantification of human CMV immediateearly and late antigens with specific monoclonal antibodies. In all these studies, the accuracy of the FCM assay was confirmed by parallel testing by the plaque reduction assay (PRA). There was an excellent correlation between IC 50 determined by FCM and the values determined by PRA, although the FCM assay gave a broader range of IC 50 than the PRA did (214, 215) . Furthermore, the effect of ganciclovir was detectable by FCM at 96 h postinfection instead of the 7 days required for PRA.
HIV. In 1987 Pauwells et al. (247) used an FCM assay to quantitatively measure the inhibition of viral antigen expression by 3Ј-azido-2Ј,3Ј-dideoxythymidine (AZT) and 2Ј,3Ј-dideoxycytidine (ddCyd) in HIV-1-infected human T4 lymphocyte cells. The anti HIV-1 activity of a broad range of compounds has subsequently been studied using FCM (113, 166, 193, 208, 218, 224, 236, (284) (285) (286) (287) (288) 341) . Using FCM and MT-4 cells, Schols et al. (287) monitored the cell death produced by HIV-1 infection using FDA and also observed the effect of AZT. A dose-dependent viral inhibition was observed by FCM that was comparable to the results obtained by the more tedious and time-consuming conventional methods. FCM determination was able to monitor the effects of antiretroviral treatment regardless of the status of p24 antigen expression in infected cells (62, 208) . FCM has also evaluated the effect of inhibitors of HIV-1 proteases and other antiretroviral drugs on the expression of cell-associated viral proteins in treated peripheral blood lymphocytes and cell lines (166, 218, 341) . AZT and 2Ј,3Ј-dideoxyinosine (ddI) inhibit the establishment of HIV-1 infection in CD8 ϩ cells derived from peripheral ϩ T lymphocytes, it is possible to use FCM to study viral dissemination and hence the inhibition of dissemination in the presence of antiviral compounds (224) . Recently, Macchi et al. (193) , using a similar coculture system of PBMC isolated from normal adults and the chronically HTLV-1-infected MT-2 cell line, measured the levels of viral DNA and RNA by PCR and viral core p19 expression by FCM. The inhibitory effect of AZT on virus transmission to PBMC cells was demonstrated (193) . Coculturing uninfected JM cells and HIV-1 chronically infected H9 cells and using two-fluorescence FCM analyses, Bridges et al. (41) demonstrated the dose-dependent effect of the drug 6-O-butanoyl castanospermine on virus production as measured by the decreases in cell conjugate formation between normal and chronically infected cells.
A different way to study the effect of antiviral agents is to quantify the expression of viral genes using gene reporters. A green fluorescent protein reporter system in which the gene encoding this protein is under the control of the HIV-1 long terminal repeat promoter was described for the rapid and simple quantification of HIV infection (85) (145) . This is a good example of multiparametric analysis of viral infection and also highlights the potential of this technique for studying antiviral activity.
Antiviral drugs: mechanisms of action. Understanding the mechanisms of action of antiviral drug is important for the design of new antiviral compounds and the improvement of existing ones. Some examples of FCM used in studies of antiviral mechanisms of action with HIV are explained below. Since FCM has permitted the study of virion-cell binding through specific receptors, it allows the characterization of antiviral drugs that inhibit this process, as demonstrated by Schols et al. (284) . They used human anti-HIV serum in an FCM assay to detect the HIV-1 virion binding to the cell membrane, analyzing several compounds for their ability to inhibit it. While AZT did not affect viral binding, heparin, dextran sulfate, and pentosan polysulfate completely inhibited the process. Suramin, an inhibitor of RT, partially blocked HIV-1 binding. Subsequently, these authors showed that these compounds which inhibited HIV-1 binding to MT-4 cells block the interaction between the gp120 and the CD4 receptor (286) . Using an FCM assay based on a DNA-staining protocol which reveals differences in DNA contents in HUT-78 cells persistently infected with HIV-1 and CD4
ϩ MOLT-4 cells, these compounds were shown to suppress syncytium formation and destruction of CD4 ϩ cells. Of note, Oravecz et al. (236) later studied the role of cell surface proteoglycans in chemokinemediated anti-HIV-1 activity in T cells and macrophages. FCM revealed that digestion of cell surface proteoglycans, including heparin sulfate, prevented the binding of RANTES to PM1 (CD21H) cells (a human T-cell line selected for high CD26 expression). Finally, using FCM, Schols et al. (288) measured the effect of AMD3100 (a prototype of bicyclams that is a new selective inhibitor of HIV-1 and HIV-2 replication) on the binding of a specific CXCR4 monoclonal antibody to SUP-T1 cells. The drug inhibited this binding, indicating an interaction with the CXC chemokine receptor CXCR4 (coreceptor for T-tropic viruses). However, AMD3100 did not inhibit the binding of CC chemokine macrophage inflammatory protein, a ligand of the chemokine CCR5 receptor (coreceptor for Mtropic viruses).
Summarizing, a close correlation is always found between the FCM assay and conventional susceptibility methods. Furthermore, FCM decreases the time required for antimicrobial susceptibility studies and also allows multiparametric analysis, meaning that more information is obtained from the same sample. Finally, it can be used to gain further insight into the mechanisms of action of antimicrobial agents.
MONITORING OF INFECTIONS AND ANTIMICROBIAL THERAPY
The evaluation of patient responses to antimicrobial treatments is usually based on clinical findings. Nevertheless, different microbiological studies are frequently performed to assess the efficacy of antimicrobial treatments (152) . In vitro susceptibility tests provide information about the concentration at which a specific microorganism is susceptible. However, in vitro results may not correlate with the response to in vivo therapy since other factors affect this susceptibility (152) . Among these factors are the immunological status of the patient, the viral or bacterial load, and the possibility of selecting antibiotic-resistant strains as a consequence of the antimicrobial treatment. The last point is particularly interesting in viral infections. Virus-infected patients can shed multiple viral subpopulations with potentially different susceptibilities, which hinders the determination of the correct treatment. For these reasons, monitoring of antimicrobial treatments ex vivo will in the future be a powerful tool to evaluate the response to treatment or to show whether the treatment should be modified. This is especially interesting for infections in which resistant strains might emerge during the course of treatment, particularly in HIV infection, for which simultaneous multitherapies have been developed. From the therapeutic point of view, it would be desirable to detect, as early as possible, evolving resistant strains in a patient in order to decide on the most suitable treatment.
As mentioned above, Cohen and Sahar (58) described a FCM method to detect bacteria in body fluids and exudates (wound exudates, bile, serous-cavity fluids, and bronchial-lavage fluids). These authors also demonstrated that the antimicrobial effects of amikacin could be detected directly in bacteria present in body fluids. A total of 43 clinical samples were prepared for FCM by centrifugation, filtration, resuspension, and the addition of growth medium including 100 mg of ami-kacin per liter. Light scattering and nucleic acid staining with ethidium bromide were used to assess the bacterial response. The results obtained in less than 2 h were in agreement with those obtained by conventional methods (plate counts and turbidometry). Susceptibility to amikacin was detected in 1 h in 92% of 13 bacterium-positive specimens. Furthermore, with respect to yeasts, Martin et al. (197) developed a PI-based FCM bioassay that measures amphotericin B concentrations in human serum, detecting its fungicidal effect on C. albicans cells in only 5 h.
More recently, Walberg et al. (331) studied antibiotic sensitivity testing in polymicrobial infections. They designed an in vitro model for the FCM detection of heterogeneous drug responses in exponentially growing E. coli and Klebsiella pneumoniae cells. Bacteria were incubated with ampicillin, fixed, and stained with a nucleic acid-specific fluorochrome. Discrimination of heterogeneous populations was demonstrated, as well as the differentiation between susceptible and resistant subpopulations. The detection of resistant subpopulations is crucial in the monitoring of antimicrobial treatments, since these populations may become predominant under antibiotic pressure. Preliminary results have also been obtained with other members of the Enterobacteriaceae and Pseudomonas aeruginosa (331) . Although this in vitro model has not yet been used for the ex vivo assessment of infections, this approach should make it possible to monitor polymicrobial infections and their respective treatments.
The viral load is commonly used as a marker of disease progression (105) , and antiretroviral therapy has therefore been proposed in asymptomatic patients with a plasma viral RNA load of more than 30,000 copies/ml (44) . Inhibition of viral replication induced by anti-HIV drugs is generally associated with an increase in the number of CD4 ϩ cells and a reduction in plasma HIV-1 RNA levels and disease progression. FCM has been used to monitor HIV-1 antiretroviral therapy, mostly by measuring the viral load by PCR and evaluating CD4 counts by FCM in plasma PBMC and lymph node mononuclear cells (170, 266, 269, 312) . Other constituents of the peripheral blood of AIDS patients have been used to monitor the effect of antiviral agents ex vivo by FCM. For example, the number of dendritic cells in the peripheral blood of AIDS patients decreases progressively and, quantification by FCM of the increase in dendritic-cell numbers in patients given AZT therapy can be used to monitor the response to antiviral treatments (246) . Fluorescence-labeled human leukocyte antigen tetrameric complexes are obtained in vitro by refolding of the heavy chain, and hence ␤ 2 -microglobulin and specific peptides can be used to quantify HIV-1-specific cytotoxic T lymphocytes in HIV-infected patients by FCM (233) . An inverse correlation between HIV-specific cytotoxic T-lymphocyte proportion and plasma viral load, as well as a decrease in the number of HIV-1-specific cytotoxic T lymphocytes, was found after 6 months of treatment of patients with a triple combination of antiretroviral therapy.
Measurement of the viral load in peripheral blood by PCRdriven in situ hybridization and FCM (244, 245) , phenotyping of virus-infected cells, and simultaneous quantitation of CD4 ϩ cells offer a very practical method of using FCM to monitor antiretroviral treatments in HIV-1-infected patients. The relationship between disease progression and the predominant infection of specific cell subpopulations remains to be fully elucidated, but FCM opens new possibilities for the rapid monitoring of these parameters in antiretrovirus-treated patients.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Cohen and Sahar (58) pointed out in 1989 that despite the rapid and automatic analysis provided by FCM, the introduction of this technique in clinical microbiology laboratories was limited by the cost of the instrumentation and the need for well-trained operators. Since then, FCM devices have become user-friendly, the number of applications has been expanded, instrument software has been improved, and costs are gradually decreasing. Furthermore, another key characteristic of FCM is its versatility: the same machine can be used to perform direct diagnosis, antimicrobial susceptibility testing, serum antibody detection, and even microbial identification.
Today's flow cytometers allow the analysis of several cell functions in a rapid and multiparametric fashion (several thousand cells in few seconds and a minimum of five parameters per cell). At the same time, it is possible to perform qualitative and quantitative analyses of samples. Thus, FCM is a suitable technique for the study of heterogeneous populations (68, 186) under circumstances of infections due to the presence of multiple microorganisms (292) or for the study of the effects of treating microorganisms with antimicrobial agents (119, 309, 330) , since each particle is analyzed individually. As stated above, its main advantages are simplicity, reliability, speed, and the possibility of detecting simultaneous infections.
Monitoring different parameters in clinical samples during the course of an illness allows an assessment of the effect of therapy in patients. This information is very important since the effectiveness of antimicrobial therapy can be measured on-line by FCM. By monitoring the patient's progress via FCM, it should also be possible to detect emerging resistant strains, hence permitting suitable modifications in treatment.
The use of flow cytometers in clinical microbiology should therefore be more of a current issue than a future perspective. For microbial diagnosis, FCM has been used primarily for the detection of viruses in blood and bacteria in urine samples (a flow cytometer specific for urine has been developed) (97, 175) , saving time and labor; however, when high sensitivity is needed, visual microscopic review should be performed (167) . FCM should be extended to other human samples, particularly sterile body fluids and those with low microbial counts.
To our knowledge, heterogeneity has not yet been studied in the clinical setting. In cases of mixed infections or infections produced by different bacterial subpopulations, such as the persistence of different P. aeruginosa morphotypes in bronchial secretions from cystic fibrosis patients (74) or the presence of H. pylori subpopulations with different pathogenic determinants in the gastric mucosa (321) , FCM can help to provide the correct treatment. FCM may also be useful for discriminating microbial variants of recognized clinical impact, i.e., smallcolony variants, which show different morphologies and responses to antimicrobial agents from the parent strains (R. Cantón, personal communication).
To optimize the cost-benefit ratio of FCM in clinical microbiology laboratories, automation is necessary. This implies adapting flow cytometers to robotics for automatic sample analysis and developing software to automate analysis of the results. This kind of software is currently used in hematological studies, and hence its adaptation to susceptibility testing, for example, should not be too difficult. The robotics are more complex, but if clinical laboratories create the need, companies should show interest in developing the necessary instruments.
The increasing availability of commercial kits to test antimicrobial susceptibility by FCM in bacteria and fungi (127) points to the future importance of this application. Moreover, the ability of FCM to measure individual cells, in contrast to traditional susceptibility testing methods that analyze the entire population, would lend impetus to the spread of this technique. FCM antimicrobial susceptibility protocols will probably become crucial for the detection of resistant subpopulations, a potential clinical concern. This additional information provided by FCM could be useful to clinicians for the selection of the appropriate antimicrobial therapy in very short times, reducing the time during which the patient is without treatment. In addition, this approach can be beneficial in preventing the emergence and dissemination of resistance. From this review, many technical approaches based on FCM currently in use in basic research can be "exported" to clinical microbiology. Nevertheless, prior to the routine application of FCM to susceptibility testing, the standardization of FCM protocols is mandatory. This would involve the establishment of susceptibility criteria with specific fluorochromes based on NCCLS criteria. 
